Background Owing to concerns attributable to problems associated with metal-on-metal bearing surfaces, current evidence for the use of hip resurfacing is unclear. Survival rates reported from registries and individual studies are controversial and the limited long-term studies do not conclusively allow one to judge whether hip resurfacing is still a reasonable alternative to conventional THA. Questions/purposes We asked whether the long-term survival rate of hip resurfacing is comparable to that of conventional THA and certain factors can be identified that influence serum ion concentration 10 years postoperatively. We specifically assessed (1) the 10-year survivorship in the whole cohort and in male and female patients, (2) serum concentrations of metal ions in patients with hip resurfacing who had not undergone revision surgery, and (3) potential influencing factors on the serum ion concentration. Methods We retrospectively reviewed our first 95 patients who had 100 hip resurfacings performed from 1998 to 2001. The median age of the patients at surgery was 52 years (range, 28-69 years); 49% were men. We assessed the survival rate (revision for any reason as the end point), radiographic changes, and serum ion concentrations for cobalt, chromium, and molybdenum. The correlations between serum ion concentration and patientrelated factors (age, sex, BMI, activity) and implant-related factors (implant size, cup inclination, stem-shaft angle) were investigated. The minimum followup was 9.3 years (mean, 10 years; range, 9.3-10.5 years). Results The 10-year survivorship was 88% for the total cohort. The overall survival rate was greater in men (93%) than in women (84%). Median serum ion levels were 1.9 lg/L for chromium, 1.3 lg/L for cobalt, and 1.6 lg/L for molybdenum. Radiolucent lines around acetabular implants were observed in 4% and femoral neck thinning in 5%. Conclusions Although our overall failure rate was greater than anticipated, the relatively low serum ion levels and no revisions for pseudotumors in young male patients up to 10 years postoperatively provide some evidence of the suitability of hip resurfacing in this subgroup. Level of Evidence Level IV, therapeutic study. See the Instructions for Authors for a complete description of levels of evidence.
Introduction
The 1-to 8-year (median, 3.3 years) survival rates of metal-on-metal hip resurfacing in patients with hip osteoarthritis younger than 65 years reportedly range from 96% to 100% [2, 10, 16, 25, 34, 46] . However, data from national hip registries [2, 4, 39, 45] and recent reviews [9, 29, 44, 48] show a 1.5-to fivefold increased risk for revision for resurfacing up to 8 years postoperatively when compared with conventional THA. Although the survival rates still seem comparable to those of THA in a subgroup of young male patients with appropriate bony anatomy [3, 9, 39] , the long-term side effects of hip resurfacing have been debated. The main concerns are systemic risks of metal ion exposure [1] , and local adverse reactions to metal debris (ARMD) [22] . Although there is theoretical concern regarding potential toxic, mutagenic, or teratogenic effects of elevated metal ion levels [41] , to our knowledge, no reports of clinically relevant complications are available. The reported prevalence of ARMD, which may require revision surgery, ranges from 0.1% to 6.5% [8, 20] . However, owing to the heterogeneity of published studies with limited followups, lack of standardized inclusion criteria, and different outcome variables, it is difficult to weigh the potential advantages of hip resurfacing against these risks.
The aims of our study therefore were to (1) assess the 10-year survivorship in the whole cohort and in female and male subgroups of our first 100 consecutive hip resurfacings, (2) determine serum metal ion concentrations in patients without revision surgery, and (3) analyze influencing factors on the serum ion concentration.
Patients and Methods
We retrospectively reviewed our first 95 patients (100 hips) who underwent hip resurfacing at our institution between September 1998 and March 2001. The indications for resurfacing surgery during that period were patient age younger than 70 years, idiopathic or secondary osteoarthritis with Kellgren-Lawrence Grades 3-4, physically active lifestyle, and good bone quality. The contraindications were massive femoral bone deformities and advanced avascular necrosis of the head. The median age of the patients at surgery was 52 years (range, 28-69 years); 49% of the patients were men ( Table 1 ). The median BMI was 27 (range, . Owing to a high prevalence of developmental dysplasia in the East German population, 65% of our patients had secondary osteoarthritis attributable to hip dysplasia. Five patients died due to unrelated causes, with well-functioning implants in situ. Three patients who did not attend followup for personal reasons but reported having well-functioning implants in situ and two patients for whom no information could be obtained were considered lost to followup (Fig. 1) . Ten patients had undergone revision surgery, leaving 75 patients (80 hips) for study. The minimum followup was 9.3 years (mean, 10 years; range, 9.3-10.5 years).
Four senior surgeons performed surgery, with the majority (78%) performed by one of them (WCW). In all cases, a single FDA-approved device (Birmingham Hip 1 Resurfacing [BHR]; Midland Medical Technology Ltd, Birmingham, UK) and a posterior approach were used. After dislocation of the hip and removal of osteophytes, the minimal femoral head size was measured. The mean femoral head size was 50 mm (range, 42-58 mm). Then the acetabulum was reamed in 2-mm steps up to the determined cup size, followed by implantation of the cementless monoblock cup. After preparation of the femur, the head cap was cemented using low-viscosity cement (Simplex 1 ; Stryker GmbH & Co KG, Freiburg, Germany), and a bone marrow suction device for drying the femoral head was applied. Finally, ROM and stability were checked, and the wound was closed in layers.
Postoperatively, patients were allowed to mobilize with pain-adjusted full weightbearing from the first day. All patients received daily physiotherapy during the 4 to ) and radiographic imaging (AP view of the pelvis and lateral view) were performed preoperatively and during routine followups at 6 weeks, 3 months, and then every year up to 5 years after surgery.
For this study, we performed an additional review at 10 years postoperatively (range, 9.3-10.5 years). We obtained clinical and radiographic assessments and serum ion analysis for all 75 patients except three for whom we had only the questionnaire-based responses. We again calculated the HHS [18] and used the UCLA activity scale to evaluate hip scoring system assessment of current physical activity [6] . During the clinical examination, we recorded groin pain by performing an impingement test (internal rotation of the hips in 90°flexion and adduction) and asked for any history of groin pain indicative of hip impingement. For all patients who had undergone revision surgery, we obtained detailed information about the reason for failure and subsequent procedures.
We obtained an AP view of the pelvis and a lateral view of the surgically treated hip. One observer (KPG) experienced in interpreting radiographs after THA and hip resurfacing assessed all radiographs. Implant position (cup inclination, metaphyseal stem-femoral shaft angle) and the presence of neck thinning (latest radiograph compared with the first postoperative and further available radiographs) were recorded. Acceptable intraobserver reliability of implant position measurements in hip resurfacing has been reported [36, 40] . Signs of radiolucency or osteolysis were identified in three zones around the short metaphyseal stem and the acetabular component as described by Amstutz et al. [3] .
For metal ion analysis, blood samples were collected in 7.5-mL S-Monovette 1 tubes for trace metal analysis (Sarstedt AG & Co, Nümbrecht, Germany), using a specific steel needle for trace metal analysis (Sarstedt). Plasma was separated by centrifugation within 1 hour and stored at À20°C before being analyzed for chromium, cobalt, and molybdenum content using a Hitachi Z-8270 graphite furnace atomic absorption spectrometer with polarized Zeeman absorption (Hitachi Ltd, Tokyo, Japan) [26, 38] . The accuracy and precision of the method are validated to less than 10% using the control material Seronorm TM Trace Elements Serum (SERO AS, Billingstad, Norway). The detection limit of the method is estimated at 0.5 lg/L for each element (mean + 3 SDs from buffer). The Dixon test was used to eliminate aberrant values. All probes having ion levels less than the detection levels were adjusted to less than 0.25 lg/L. There is no reliable information regarding the relationship of wear debris, height of serum ion values, and extent of tissue destruction. We nevertheless defined a cutoff level of 10 lg/L of chromium and/or cobalt serum ion concentration, above which we obtain CT to search for pseudotumors. Independent from the current study, this protocol applies to our followup regime for all patients with previous metal-on-metal arthroplasty.
If not stated otherwise, numerical calculations are given as medians and ranges (minimum, maximum). Survivorship was calculated on the basis of the time between initial surgery and revision as the end point with CIs in accordance with Murray et al. [31] . We compared survivorship between male and female patients using a log-rank test. To investigate possible contributing factors for metal ion concentrations, the dataset was analyzed by a linear regression model based on the two different metal ion concentrations (chromium and cobalt). Age, sex (female versus male), BMI, patient activity at followup, acetabular cup inclination, metaphyseal stem-femoral shaft angle, and size of femoral implant were analyzed as potential predictive factors for serum ion levels. Statistical analyses were performed with SPSS 1 software (Version 19.0; SPSS Inc, Chicago, IL, USA).
Results
The 10-year survivorship for revision for any cause was 88% (95% CI, 77.7%-93.1%) in the whole cohort (Fig. 2) . Separate calculation for male and female patients showed 10-year survival rates of 93% (95% CI, 80.3%-98.9%) and 84% (95% CI, 65.9%-91.6%), respectively (p = 0.292). For the first 7 years, the two groups had similar survival, but they differed at followup of more than 10 years. Ten patients (seven women, three men) had revision surgery. Eight patients underwent conversion to THA (two with infections, one with a neck fracture, three with pseudotumors, two with aseptic loosening), and two additional patients needed isolated revision of the acetabular component (one with psoas impingement, one with cup loosening). Three revisions were performed within the first month postoperatively (one patient with infection, one with neck fracture, one with cup loosening) and three additional revisions were performed within 4 years postoperatively (one patient with infection, one with psoas impingement, one with aseptic loosening). Three male patients and three female patients were included in this group with early to intermediate revision. In another four female patients, revisions were performed 10.2 to 10.5 years postoperatively (three pseudotumors, one aseptic loosening). All pseudotumors occurred in women aged 53 to 58 years at surgery. All had received a relatively small implant (46-mm head size), and their acetabular cup inclinations were 40° (Fig. 3A), 42°(Fig. 3B), and 62°(Fig. 3C) .
In the patients who had not undergone revision, the median HHS increased from 51 points (range, 18-78 points) preoperatively to 94 points (range, 48-100 points) at 10 years' followup ( Table 2 ). The median postoperative UCLA activity score was 6 (range, 5-7). We found a median cup inclination of 46°(range, 34°-64°) and a median metaphyseal stem-femoral shaft angle of 138°(range, 113°-158°). We observed periprosthetic radiolucencies in the cohort without revision in two hips (limited to \ 10 mm at the inferior edge of the acetabular cup). No periprosthetic radiolucency around the short metaphyseal stem was found, but six patients showed radiographic signs of neck thinning within the first 5 postoperative years. All of them were nonprogressive up to 10 years' followup (Fig. 4) . Median serum ion levels after 10 years were 1.9 lg/L (range, 0.5-151.5 lg/L) for chromium, 1.3 lg/L (0.5-285.3 lg/L) for cobalt, and 1.6 lg/L (0.5-7.1 lg/L) for molybdenum. Twelve patients (14 hips) had chromium serum levels greater than 5 lg/L, of which six patients (seven hips) had levels greater than 10 lg/L. Ten patients (12 hips) had cobalt serum levels greater than 5 lg/L, with four patients (four hips) of these patients having levels greater than 10 lg/L.
We identified one factor predicting high serum ion concentrations (Table 3) : high cup inclination was associated with high cobalt levels. No factors predicted high serum chromium ion concentrations (Table 4) . 
Discussion
Throughout the last decade, hip resurfacing has regained popularity owing to the introduction of new metal-on-metal implants and advanced surgical procedures, which seemed to have solved previous problems with this technique [28, 30] . Encouraging short-and medium-term results have been reported, with low failure rates and high patient satisfaction [2, 10, 16, 35, 46, 50] . However, concerns regarding the long-term survival and safety have been raised due to the potential risks of metal hypersensitivity and increased serum levels of metal ions [1, 14, 17, 19, 23] . To weigh the potential benefits of hip resurfacing against the inherent risks of this alternative treatment compared with conventional THA, it is necessary to collect appropriate data from patient cohorts with sufficient followups. The purposes of our investigation therefore were to (1) determine the 10-year survival in a consecutive series of our first 100 consecutive hip resurfacings, (2) evaluate serum metal ion concentrations in patients without revision surgery, and (3) analyze potential influencing factors on the serum ion concentration.
Our study has some limitations. First, our series involves our initial experience with this new technology. Four surgeons performed the procedures and it must be assumed all cases fell into their learning curve. We know the outcome of hip resurfacing is substantially influenced by technical details of the surgical procedure [7, 41, 42] , which has an impact on the surgeon's experience [35, 43] . Nevertheless, we have included all patients from the beginning, reflecting the actual results of an innovative surgical treatment. Second, we have a limited radiographic analysis of structural changes. Although performed in a blinded order to avoid bias, all measurements were made by one reader (KPG). We did not assess the reliability of his assessment, but he is experienced in reading radiographs of hip resurfacing, and a generally acceptable intrarater reliability has been documented in other studies [36, 40] . Third, we performed no studies to observe local soft tissue reactions to metallic debris on plain radiographs. Metal artifacts impair the application of MRI, and we did not want to expose our patients to additional ionization through CT. There are some studies in which ultrasonography was used either alone [27] or in combination with MRI and CT [20, 37] to assess the frequency of pseudotumor formation after hip resurfacing. As sensitivity and reliability of this observerinfluenced imaging technique are not proven for ARMD, we did not include it in this study. Instead, we performed serum ion measurement at followup, as substantially elevated levels can be considered valid surrogate parameters of resurfacing failure [13, 21, 24] . However, we cannot determine the true incidence of ARMD.
The first purpose of our study was to determine the 10-year survival of resurfacing in our total cohort and in female and male patient subgroups. The number of studies of hip resurfacing with similar followup is limited [3, 5, 11, 47] (Table 5) , and all of them are single-surgeon series. Only two [33, 48] reported a revision rate less than 10% after 10 years, which some authors regard as the current benchmark of satisfactory performance of a primary [33, 48] . The overall survival rate of 88% in our patient group does not meet this full 10-year benchmark, although we could observe a superior survival rate of 93% in a cohort of male patients. A revision rate of 7% after 10 years is close to the reported results for conventional THA in male patients younger than 65 years from the Australian hip registry (5.0-6.2 cumulative percent revision at 9 years) [4] . Nevertheless, the survival in our female patient cohort was only 84%. One conversion attributable to early femoral neck fracture and all revisions attributable to ARMD were performed in this group. It is known the higher revision rate in female patients might be related to differences in the proportion of males and females who receive smaller sizes of femoral components [39, 43] . Women, however, seem to have a greater incidence of pseudotumor formation than men [14] , which might be attributed to mechanical and nonmechanical factors [32] . Therefore, we now rarely offer hip resurfacing to female patients. In addition to calculation of implant survivorship, potential radiographic signs of implant failure or stress shielding might show revision will be needed in the future. After 10 years, we observed a low rate of radiolucency and osteolysis in nonrevised implants and a low number of patients with femoral neck thinning. These positive results were confirmed in similar cohorts after BHR implantation [11, 47] . In contrast, Baker et al. [5] observed a considerable number of progressive radiographic changes and even migrations in their patients who had undergone surgery with the same implant. The reason for these different findings and the probability of incident radiographic changes in the future is uncertain.
The second purpose of our study was to evaluate serum metal ion concentrations in patients with clinically wellfunctioning hip resurfacings 10 years after implantation. At followup, the median serum ion levels for chromium, cobalt, and molybdenum were only slightly elevated above the normal reference values of our laboratory (0.5 lg/L). Only six patients showed serum ion levels of chromium and cobalt greater than 10 lg/L. We are obtaining regular MRIs on these six patients and none to date have signs of pseudotumor formation. However, we currently cannot determine the incidence in the remaining patients or the potential for development of ARMD in the future. A serum ion level for chromium and cobalt less than 10 lg/L does not exclude the risk of localized ARMD, systemic toxicity, or carcinogenicity, which are additional concerns of resurfacing [1, 41] . There currently is no generally agreed on unacceptable threshold for metal ion concentrations in body fluids. Therefore, it is necessary to obtain more information from future clinical studies with larger numbers of patients and appropriate followup to determine the true incidence of metal-related local and systemic complications.
Our third purpose was to analyze whether there is an association between patient-and implant-related characteristics and the serum ion concentration. Several studies have shown type [15, 21, 23] and positioning of implants [13, 15, 19] and component size [13, 15] can influence serum ion concentrations. With decreasing cup size and increasing inclination, the serum chromium and cobalt concentrations are increased. Evidence is less convincing for age [13] and sex [19] , as only a few investigators have analyzed these factors and/or could identify positive associations. The results for physical activity are controversial, as some studies report positive associations [13, 24] and some report negative associations [12, 49] . We identified high cup inclination in our cohort as a predictor for elevated cobalt levels, and we found no predictors for elevated chromium levels. This is in agreement with several studies [13, 15, 19, 22] that found a positive correlation between high cup inclination and increased metal ion concentrations. As most studies [13, 19, 24] have looked at a limited number of factors that potentially might influence the release of serum ions, it is difficult to discuss the relevance of our findings. Due to the limited number of patients with elevated metal ion levels in our series, the statistical analysis may have been biased. However, no other study currently is available with results of serum ion analysis after 10 years of followup. Most of the published data were obtained in investigations with short-and medium-term followups [12, 19, 20, 49] although metal ion release of hip resurfacing implants regularly decreases after the initial running-in phase [49] .
Our data confirm observations from other studies that the survival rate of hip resurfacing in male patients with appropriate bone quality can be similar to the outcome after conventional THA, at least after 10 years of followup. However, the low rate of osteolysis and metal-associated radiographic disorders should be interpreted cautiously as we cannot determine future developments in patients with elevated serum ion levels, even taking into account that there currently are only a small number of patients with substantially elevated serum ion levels. Although we could identify only limited evidence for cup inclination as predictor of serum ion elevation, we support other reported risk factors for a bad outcome (ie, cup size, sex). Our conclusion currently is to restrict resurfacing to a carefully selected cohort (male patients with sufficiently large cup size) and try to obtain the best possible component position.
